In this paper, we investigate the Drell-Yan process with the intermediate heavy Z ′ boson. We use a general approach to the Abelian Z ′ that utilizes the renormalization-group relations between the Z ′ couplings and allows to reduce the number of unknown Z ′ parameters significantly. In a newly proposed strategy, we estimate the LHC-driven constraints for the Z ′ couplings to lepton and quark vector currents. To do this, we calculate the Z ′ -related contribution in the narrow-width approximation and compare the obtained values to the experimental data presented by the ATLAS and CMS collaborations. Our method allows to estimate the values of Z ′ couplings to the u and d quarks and to final-state leptons.
I. INTRODUCTION
Searching for new particles beyond the Standard Model (SM) is an important part of experiments at the Large Hadron Collider. Among the scenarios of new physics a heavy neutral vector boson (Z ′ boson) is one of the most promising intermediate states to be detected in hadron scattering processes in the annihilation channel. This particle resides in popular grand unification theories (GUTs) and other models with extended gauge sector (see Refs. [1] [2] [3] for review). Considering a couple of Z ′ models, current experiments constrain its mass to be no less than 1-3 TeV [4, 5] . At the LHC Z ′ bosons could be discovered in the Drell-Yan process through deviations of the cross-section from the predicted SM background.
Unfortunately, observables in experiments at hadron colliders are calculated with significant theoretical uncertainties, that arise from the parton model of hadrons. In this situation one can only hope to discover the most prominent signals. This is the reason for LHC collaborations to pay special attention to searching for narrow Z ′ resonances.
In general, to accurately describe the Z ′ contribution to the Drell-Yan process and to take into account the possible interference effects [6, 7] , we have to consider scattering amplitudes with intermediate virtual states. This allows to derive few-parametric observables suitable for data fitting [8, 9] . But if the resonance is estimated to be narrow, then one can describe it in a more simple way by a small number of Z ′ production and decay characteristics. In this approach it is only needed to set the Z ′ mass, the production cross-section, and the total and partial decay widths. Being quite simple, such a scheme at the same time could give estimations of Z ′ couplings to the SM fields based on the current experimental data.
It is possible to calculate effects of Z ′ boson in details for each specific GUT model. Such modeldependent estimates are widely presented in the literature [10] [11] [12] [13] [14] [15] [16] [17] [18] . Some set of popular E 6 -based models and left-right models is usually considered in this approach. However, probing the set one can still miss the actual Z ′ model. Therefore, it is useful to complement the model-dependent Z ′ searches by some kind of model-independent analysis (e.g. as in Ref. [19] ). Lots of the usually considered models belong to the models with the so-called Abelian Z ′ boson. The Abelian Z ′ is usually understood as an effective additional U (1) gauge state at energies of order of several TeVs, which obtains its heavy mass beyond the scope of the SM. Such kind of Z ′ boson is characterized by specific relations between its couplings to SM particles. The relations were derived in Refs. [20, 21] . They cover models satisfying the following conditions: 1) only one heavy neutral vector boson could be recognized at energies of modern colliders, whereas other possible heavy bosons are decoupled at essentially larger mass scales; 2) the Z ′ boson is decoupled at low energies and can be phenomenologically described by an effective Lagrangian [1] [2] [3] ; 3) the underlying theory matches with either one-or two-Higgs-doublet standard model at low energies; 4) the SM gauge group is a subgroup of the gauge group of the underlying theory; 5) Z ′ boson is described by an effective additional U (1) gauge state at low energies. While the relations are not model-independent in the most broad sense, they can be referred as applicable to a wide set of specific models. Among the popular models discussed in the literature, the left-right models and the E 6 models belong to this set. Nevertheless, it does not mean that the approach is designed and applicable only to those models.
It follows from the mentioned relations that the Abelian Z ′ couplings to the left-handed fermion currents within any SM doublet are the same and that the absolute value of the Z ′ couplings to the axial-vector currents for all the massive SM fermions is universal (see Refs. [22, 23] for details). The relations reduce significantly the number of unknown Z ′ parameters and leave some of them arbitrary, therefore allowing analysis of experimental data complementary to the common modeldependent approach. For instance, some Abelian Z ′ hints were found in LEP data [23] .
In Ref. [24] two different estimates both for the Z ′ production cross section at the LHC and the Z ′ decay width were presented. Those are the 95% CL estimate, where all the Z ′ coupling constants are varied in their 95% confidence level (CL) intervals derived by LEP data, and the maximumlikelihood estimate, where the Z ′ coupling to axial-vector currents is set to its mean value from experimental data, a/m Z ′ ≃ ±0.14 TeV −1 , and the fermionic couplings v f are varied in their 95% CL intervals. It was shown that in case of the maximum-likelihood estimate at Z ′ masses up to 1.5 TeV the narrow-width approximation (NWA) is applicable, and therefore it is possible to calculate the Z ′ contribution to the Drell-Yan cross section as σ(pp → Z ′ )×BR(Z ′ → l + l − ). However, this is not the case for higher Z ′ mass region, namely, at m Z ′ ∼ 2-3 TeV, which has recently been explored by the LHC collaborations [4, 5] . In this region the NWA condition Γ 2 Z ′ /m 2 Z ′ ≪ 1 for the maximumlikelihood estimate is not met. The reason is that even in case of this very optimistic scenario the intervals for the vector couplings are still too wide. Since the LHC collaborations present their results calculated in the NWA, then to be able to obtain estimates of the Z ′ contribution to the Drell-Yan process at the LHC and compare them with the currently available data, we need to change our estimation strategy.
In our present investigation we use the relations for the Abelian Z ′ couplings to estimate the Abelian Z ′ production in the Drell-Yan process. We compare the obtained cross section to the current LHC bounds. This allows us to constrain Z ′ couplings. It also shows how far the LHC will potentially advance the Z ′ searches compared to the LEP.
In Section 2 we provide all necessary information about the Z ′ boson and the used relations between couplings. Section 3 contains some details regarding Z ′ production and decay at the LHC. In Section 4 our estimation strategy is presented. In Section 5 we discuss the obtained results.
In the present paper we use the following effective Lagrangian to describe Z ′ couplings to the axial-vector and vector fermion currents:
where f is an arbitrary SM fermion state; a f and v f are the Z ′ couplings to the axial-vector and vector fermion currents; θ 0 is the Z-Z ′ mixing angle; v SM f Z , a SM f Z are the SM couplings of the Z-boson. The commonly considered Z ′ gauge couplingg is included into a f and v f .
This popular parameterization follows from a number of natural conditions. First of all, the Z ′ interactions of renormalizable types are expected to be dominant. The non-renormalizable interactions that are generated at high energies due to radiation corrections are suppressed by 1/m Z ′ (or by other heavier scales 1/Λ i ≪ 1/m Z ′ ) at low energies ∼ m W and therefore they can be neglected.
We also assume the conditions listed in the Introduction in order to use the relations between the Abelian Z ′ couplings. In particular, the SM gauge group SU(2) L × U(1) Y is considered as a subgroup of the GUT group. In this case, a product of the SM subgroup generators is a linear combination of these generators. Consequently, all the structure constants that connect the two SM gauge bosons with Z ′ have to be zero, and at the tree-level Z ′ interactions to the SM gauge fields are possible due to a Z-Z ′ mixing only.
To calculate the Z ′ contribution to the Drell-Yan process, we also need to parameterize the Z ′ interactions with the SM scalar and vector fields. The explicit Lagrangian describing Z ′ couplings to all the SM fields can be found in Ref. [24] .
The parameters a f , v f , and θ 0 could be obtained from experimental data. In a particular model, one has some specific values for some of them. If the model is unknown, all the parameters are potentially arbitrary numbers. If one assumes that the underlying extended model is renormalizable, then, as was shown in Refs. [20, 21] , there is a relation between these parameters:
Here, f and f * are the components of the SU (2) L fermion doublet (l * = ν l , ν * = l, q * u = q d , and
is the third component of weak isospin (1/2 for "up"-type fermions, -1/2 for "down"-type fermions), andgỸ φ determines Z ′ couplings to the SM scalar fields and the Z-Z ′ mixing angle θ 0 in (1), which is expressed as:
As it was argued in Refs. [22, 23] , the relations (2) hold in a set of popular models with the Abelian Z ′ boson based on the E 6 group (the so called LR, χ-ψ models). However, one could also think about models beyond the commonly used list of models.
Let us note that the couplings of the Abelian Z ′ to the axial-vector fermion currents are described by a universal absolute value. Therefore we introduce the notation
From Eq. (2) it follows, that this value a is proportional to the Z ′ coupling to scalar fields. By substituting Eqs. (2) and (4) into Eq. (3) we obtain
Thus the Z-Z ′ mixing angle θ 0 is also determined by the axial-vector coupling. For further calculations we use α em = 1/128.9, sin 2 θ W = 0.2304. It can be seen from (2) , that for each fermion doublet only one vector coupling is independent:
In total, the Z ′ interactions with the SM particles can be parameterized by seven independent couplings: a, v u , v c , v t , v e , v µ , v τ . In Refs. [22, 23] the limits on Z ′ couplings from the LEP I and LEP II data were obtained. One can interpret those limits as some hints of Z ′ boson at 1-2σ CL. Namely, the couplings a and v e show non-zero maximum-likelihood (ML) values. The constraints on the axial-vector coupling a come from the LEP I data (through the mixing angle) and from the LEP II data on the e + e − → µ + µ − , τ + τ − scattering. The corresponding ML values lie very close to each other. In our estimates we use the value
The electron vector coupling v e is constrained at 95% CL by the e + e − → e + e − data from LEP II (see discussion in Refs. [22, 24] ):
These constraints seem to be less stable, so we will use them only to compare our final results avoiding taking them into account in calculations.
There are no significant constraints on the other Z ′ coupling constants from the existing data. 
III. Z ′ PRODUCTION AT THE LHC
At the LHC Z ′ bosons are expected to be produced in proton-proton collisions: pp → Z ′ . At the parton level this process is described by the Z ′ production in the quark-antiquark pair annihilation,→ Z ′ (Fig. 1) . The cross-section of the pp → Z ′ process is obtained by integrating the partonic cross-section σ qq→Z ′ with the parton distribution functions (PDFs):
where A, B mark the interacting hadrons (protons in our case) with the four-momenta k A , k B ; f q,A is the parton distribution function for the parton q in the hadron A with the momentum fraction x q at the renormalization scale µ R and factorization scale µ F . We use the parton distribution functions provided by the MSTW PDF package [25] . The production cross-section includes quadratic combinations of the Z ′ couplings to quarks,
Here we took into account relations (4) , and therefore we neglect their contributions.
We take into account the 90% CL uncertainty intervals for the parton distributions provided in the MSTW PDF package, and also the uncertainties that arise from the renormalization and factorization scales variation:
Both the Z ′ production cross section and the uncertainties are calculated in the leading order in α S . The next-to-next-to-leading order cross section together with the corresponding uncertainties is obtained using the NNLO K-factor for the Drell-Yan process calculated in the Standard model:
It is calculated using the FEWZ software [26] . K increases monotonically from 1.28 ± 0.08 to 1.30 ± 0.06, as m Z ′ varies from 2 TeV to 3 TeV. Finally, the production cross-section reads:
The Z ′ decay width Γ Z ′ is calculated using the optical theorem:
Here, G(p 2 ) is the two-point one-particle-irreducible Green's function, represented by the diagram in Fig. 2 . The decay width Γ Z ′ is calculated at the one-loop level with the software packages FeynArts, FormCalc, and LoopTools [27, 28] . The Feynman diagrams with internal Z ′ lines and the Passarino-Veltman integrals of type A are real numbers and do not contribute to the decay width. The remaining diagrams correspond to different Z ′ decay channels. As a result, we obtain all the partial widths (and the branching ratios) corresponding to Z ′ decays into certain pairs of SM particles. The partial width corresponding to Z ′ decay into a fermionic pair ff can be written in the following form:
The factors Γ a 2 f , Γ a f v f , and Γ v 2 f are proportional to m Z ′ .
IV. ESTIMATION SCHEME
The main Z ′ decay channels considered by ATLAS and CMS are dielectronic and dimuonic channels. The couplings that enter the corresponding cross sections are a, v u , and v e for the pp → Z ′ → e + e − case and a, v u , and v µ for the pp → Z ′ → µ + µ − case.
Since v µ was not constrained by the LEP data, we are going to study only the dielectron final state (also note that both these processes are similar at high energies). This allows us to estimate how the LHC data limits the Z ′ couplings compared to the LEP results.
Let us present our estimation scheme. Since there is a maximum-likelihood value for a 2 from LEP, a 2 ML /m 2 Z ′ = 1.97 × 10 −2 TeV −2 , we can consider it as our "optimistic" estimate. There is a "pessimistic" estimate with a 2 = 0 for weakly-coupled Z ′ . To obtain a kind of an arbitrary estimate, we also consider a 2 = a 2 ML /4. Replacing the axial-vector coupling by these three estimates in the pp → Z ′ → e + e − cross section, we can investigate possible v e and v u values taking onto account the LHC results on direct searches for Z ′ resonances [4, 5] .
First, we need to determine the region of couplings in which the NWA is applicable. The criterion is Γ 2
To obtain the widest possible region for v e and v u , we set the rest of vector couplings to the values at which the corresponding partial widths are minimal. From Eq. (14) and taking into account relations (4), (6) those values are:
where the plus sign is for leptonic couplings, and the minus sign is for quark couplings. Our next step is to investigate how the currently available LHC data constrains the values of v e and v u . Both the ATLAS [4] and CMS [5] results indicate that the lower bounds for the Z ′ mass lie between 2 TeV and 3 TeV. Therefore, we shall derive our constraints for those two values. The pp → Z ′ → e + e − cross section is calculated as
We compare this cross section to the experimental upper bounds presented in Refs. [4] and [5] for pp collisions at √ S = 8 TeV. At the considered Z ′ mass values it is always possible to choose such v f (f = e − , u) values, that correspond to the upper bound of the Z ′ decay width in Eq. (15) . Therefore, both for m Z ′ = 2 TeV and m Z ′ = 3 TeV we set Γ Z ′ to 0.1 × m Z ′ . This will allow us to obtain widest possible LHC-driven intervals for v e and v u .
V. RESULTS AND DISCUSSION
The constraints are shown in Fig. 3 on the v u -vs-v e planes. We present the areas of v u and v e values for which the NWA is applicable. For the "optimistic" estimation we use two possible values for the axial-vector coupling: a/m Z ′ ≃ ±0.14 TeV −1 . Also the LEP bounds for v e are shown for comparison.
The ATLAS collaboration [4] reports upper bounds for σ pp→Z ′ →e + e − at 1.5×10 −3 pb for m Z ′ = 2 TeV and 2.5 × 10 −3 pb for m Z ′ = 3 TeV. The "optimistic" estimation for σ N W A lies higher than these values, therefore, the LEP maximum-likelihood value a 2 ML /m 2 Z ′ = 1.97 × 10 −2 TeV −2 is discouraged by the LHC results for m Z ′ from 2 TeV to 3 TeV. The LEP maximum-likelihood value is consistent with the LHC results for Z ′ masses below 700 GeV. The region for the "pessimistic" and "intermediate" estimations overlaps with the LHC values, therefore allowing for non-zero upper bounds for the vector couplings. The regions of those are also plotted in Fig. 3 . This indicates that the maximum-likelihood LEP value a 2 ML is disfavored approximately by one order of magnitude. These two estimates represent a Z ′ with small coupling to the axial-vector currents.
From the plots for the presented estimation schemes we can see that the LHC may limit the vector couplings to v 2 u /m 2 Z ′ ≤ 10 −2 ..10 −3 TeV −2 , v 2 e /m 2 Z ′ ≤ 10 −1 ..10 −2 TeV −2 , which is one order lower than the LEP limits. In the considered Z ′ mass region these values are larger than the respective couplings of the SM Z boson (10 −3 for v SM e and 2×10 −2 for v SM u ), but at low energies the Z ′ interactions are strongly suppressed by 1/m Z ′ . Also it has to be noted, that the renormalizationgroup relations (4) used in this paper are not applicable for the standard-model Z boson because of different group structure.
It is interesting to calculate the Z-Z ′ mixing angle value based on our estimations. Current LEP-driven upper limits for θ 0 in different Z ′ models are of order of 10 −3 (see Table IV in Ref. [2] ). For our "optimistic" estimate Eq. (5) TeV. As it was noted, this value is all but ruled out by the LHC data, so for Ableian Z ′ models one may expect θ 0 less than (a few)×10 −4 .
To obtain more strict bounds, one has to take into account the contributions from the remaining fermions and consider the differential cross-section, rather than working in the narrow-width approximation. Nevertheless, the two presented estimates, being rough, still allow to see, how far it is possible to advance both the direct and indirect Z ′ searches compared to the LEP results.
